The release of 700 million liters of oil into the Gulf of Mexico over a few months in 2010 2 produced dramatic changes in the microbial ecology of the water and sediment. Previous 3 studies have examined the phylogeny and function of these changes, but until now a 4 fundamental examination of the extant hydrocarbon metabolisms that supported these 5 changes had not been performed. Here, we reconstructed the genomes of 57 widespread 6 uncultivated bacteria from post spill sediments, and recovered their gene expression 7 pattern across the seafloor. These genomes comprised a common collection of bacteria 8 that were highly enriched in heavily affected sediments around the wellhead. While rare 9 in distal sediments, some members were still detectable at sites up to 60 km away. Many
along the pollution gradient. The resulting analysis suggests a broad metabolic capacity 1 3 3 metabolism was previously identified in these oil-polluted sediments 10, 31 . Our data show 1 3 4 these genes -involved in the denitrification pathway and nitrite/hydroxylamine 1 3 5 oxidation/reduction -were significantly up-regulated at proximal sites. While 1 3 6 denitrification-related activity was associated with several Gammaproteobacteria, it was 1 3 7 mostly linked to anaerobic sulfur oxidation by two Halobeggiatoa-like Thiotrichaceae 1 3 8 (GSC1 and 3; Fig. 3 and S9 ). These Thiotrichaceae also expressed of hydroxylamine 1 3 9 reductase genes (EC 1.7.2.6), which they likely used as a supplemental method for 1 4 0 reducing nitrite 32 to ammonia, although a hydroxylamine reductase required for the final 1 4 1 step (hydroxylamine reduction to ammonia) was not detected in any Thiotrichaceae 
4 7
Genes indicative of hydrocarbon degradation (HCD) were concentrated in the 1 4 8 Gammaproteobacteria (179 genes or 66%; Table 1 and Table S8 ). Half of the bacterial 1 4 9 genomes (n=25) contained genes associated with the degradation of hydrocarbons, most 1 5 0 belonging to aerobic pathways (Table S8) . These genes were observed almost exclusively 1 5 1 in additive combinations targeting: (1) n-alkanes, (2) n-alkanes + aromatics, or (3) n-1 5 2 alkanes + aromatics + PAHs (Figs S4 and S9) , whereby alkane degradation potential is 1 7 1
We identified 3 candidate PAH degraders (Ca. Cycloclasticus GSC9, has 17-24 subunits (large and small) of diverse ring-hydroxylating dioxygenases that, 1 7 8 except for 2, closely resemble dioxygenases used for the oxidation of PAHs and other 1 7 9 aromatic hydrocarbons ( Fig. S9 and Dataset S1) 34 dihydrobiphenyl-2,3-diol dehydrogenase (bphB) and 2,3-dihydroxybiphenyl 1,2-1 9 0 dioxygenase (bphC) genes. BphB (EC 1.3.1.56) is a multi-substrate enzyme that acts on 1 9 1 biphenyl-2,3-diol and a wide range of PAH dihydrodiols 37 , including those relevant to 1 9 2 MC252 oil, such as naphthalene 1,2-dihydrodiol, and phenanthrene and chrysene 3,4-1 9 3 dihydrodiols 8 . BphC degrades the catechol product of BphB. These bacteria appear to use 1 9 4 a universal pathway for the catabolism of early PAH degradation products, as opposed to 1 9 5 distinct dihydrodiol dehydrogenases per PAH substrate identified in a collection of Gulf 1 9 6 of Mexico seawater-associated Gammaproteobacteria 38 .
9 7
Genetic mechanisms for BTEX degradation were previously found to be enriched at 1 9 8 highly contaminated seafloor sites 10 . Through assembly and bin assignment, we were 1 9 9 able to link genes used for toluene, xylene and benzene degradation with at least 4 2 0 0 Gammaproteobacteria: GSC9, GSC22, GSC16 (related to n-alkane-degrading 2 0 1 gammaproteobacterium HdN1 39 ) and GSC24 (related to Oceanospirillales Hahella 2 0 2 chejuensis). Collectively these 4 genomic bins represented 8% of the average genome 2 0 3 abundance at the proximal sites ( Fig. S4 ). All 4 bins had genes encoding xylene 2 0 4 monooxygenase-like enzymes (Xyl), which oxidize toluene and xylenes 40 . xylAMM genes 2 0 5 were expressed by GSC16 and was significantly higher at the proximal sites ( Fig. 3 ). In 2 0 6 contrast, GSC9 demonstrated greater expression, albeit not significantly, of a gene (tmoA) 2 0 7 encoding part of a largely unbinned aerobic toluene-4-monoxygenase system at distal 2 0 8 sites, suggesting toluene/xylene metabolism very likely occurred across the seafloor, 2 0 9 although the organisms and mechanisms varied. GSC9 and GSC22 also had genes 2 1 0 encoding multicomponent phenol hydroxylase like enzymes (Dmp), which oxidize 2 1 1 phenol, benzene and toluene 41 . Further to these mechanisms, the 3 candidate PAH 2 1 2 degraders (GSC9, GSC22 and GSC15) had putative benzene 1,2-dioxygenases (also 2 1 3 similar to biphenyl dioxygenases) and catechol 2,3-dioxygenases (EC 1.13.11.2), 2 1 4 suggesting these taxa could generate catechol by benzene oxidation, which could then be 2 1 5 converted into 2-hydroxymuconate-semialdehyde, and sequentially transformed into 2 1 6 pyruvate ( Fig. S9 ). While hydrocarbon degradation mechanisms identified in these 2 1 7 surface sediment communities were overwhelmingly aerobic, there were a few 2 1 8 exceptions in sequence data not binned to genomes. These include a single set of 2 1 9 anaerobic ethylbenzene dehydrogenase genes (ebdACBA); and benzylsuccinate synthase 2 2 0 genes (bssCAB and bssCA), which can be used for anaerobic toluene oxidation 42 , and 2 2 1 were observed in the lower anaerobic layer of seafloor sediments polluted with oil from 2 2 2 MC252 43 .
3
Widespread evidence for alkane oxidation was associated with 3 different 2 2 4 mechanisms that target gaseous C2-C4 short-chain and liquid C5-C10 mid-chain alkanes.
5
Genes associated with the oxidation of both short to mid length n-alkane groups were 2 2 6 expressed across at least 34 km of the Gulf of Mexico seafloor ( Fig. 4 ). Of these, Alk and 2 2 7 CYP153 enzymes act on mid-chain alkanes from pentane to decane (C5-C10) 44 .
8
Transmembrane 1-alkane monooxygenase (AlkB ± AlkGT rubredoxin/rubredoxin 2 2 9 reductase) and membrane-bound cytochrome P450 CYP153 (± ferredoxin/ferredoxin 2 3 0 reductase) hydroxylases genes were both present, although CYP153 were more 2 3 1 commonly expressed. Pathway analysis of 14 key gammaproteobacterial bins with alkane 2 3 2 hydroxylases suggests 1-alcohol generated by alkane oxidation could be converted 2 3 3 sequentially to aldehydes by alcohol dehydrogenase (EC 1.1.1.1), carboxylates by 2 3 4 aldehyde dehydrogenase (NAD, EC 1.2.1.3), and acetyl-CoA via beta-oxidation ( Fig. 3 ).
3 5
Also present were genes resembling particulate and soluble methane or ammonia 2 3 6 monooxygenases. These constitute a group of related multi-substrate enzymes that 2 3 7 preferentially target methane or ammonia 45 . They can be used by methanotrophs, in the 2 3 8 absence of methane, to oxidize short n-alkanes, namely C2-C4 gases (ethane, butane, 2 3 9 propane) and C5 liquid (pentane) 46, 47 . Longer C6-C8 alkanes, can also be used, albeit at 2 4 0 an appreciably slower rate 46 . In comparison, Mycobacterium strains preferentially use 2 4 1 soluble monooxygenases to oxidize alkanes 48 . We recovered a diverse group of 5 2 4 2 genomes with particulate methane monooxygenase like genes (Candidates Colwellia 2 4 3 GSC7, Cycloclasticus GSC8, Cellvibrionales GSC14 and Thiotrichales GSC21, and 2 4 4 gammaproteobacterium IMCC2047 relative GSC18). Thiotrichales GSC21 also had 2 4 5 genes encoding the components of a soluble monooxygenase (sMMO), which is used in 2 4 6 place of the particulate enzyme (pMMO) under copper limiting conditions 49 . All 5 2 4 7 genomes lack evidence for methanol or hydroxylamine oxidation, suggesting an inability 2 4 8 to utilize the products of methane or ammonia oxidation. However, all had the genetic 2 4 9 capacity to convert 1-alcohols generated from n-alkane oxidation to acetyl-CoA ( Fig. 2 5 0 S9). We therefore predict that these bacteria primarily used pMMO ± sMMO to oxidize 2 5 1 n-alkanes. The lack of dedicated methanotrophs plausibly reflects the absence of trapped 2 5 2 methane in the post-spill sediments, and is consistent with the absence of methane in the 2 5 3 late-stage plume 50 .
5 4
We found that both types of methane monooxygenase like genes were expressed 2 5 5 across multiple seafloor locations; three bacteria expressed particulate pmo genes (GSC7, 2 5 6 GSC8, GSC14), while Thiotrichales GSC21 expressed soluble mmo genes ( Fig. 4 ).
5 7
GSC21 co-expressed a short chain alcohol dehydrogenase gene, resembling a NADH-2 5 8 dependent butanol dehydrogenase gene (bdhA), which it may have used to metabolize 1-2 5 9 alcohol produced by alkane degradation (Fig. S9 ). We detected expression of parts of the 2 6 0 downstream alkane degradation pathway by GSC7 and GSC8 (Dataset S1). All genes 2 6 1 comprising the pathway from 1-alcohol to the first steps in the beta-oxidation pathway 2 6 2 were expressed by GSC14, including multiple NAD-dependent alcohol dehydrogenase 2 6 3 (EC 1.1.1.1) and aldehyde dehydrogenase genes. Gulf of Mexico microorganisms are naturally exposed to oil seeps 5,13 and frequent spills 2 .
6 7
Our genomic and metabolic reconstruction of oil-impacted communities distributed 2 6 8 across the seafloor indicates that a large common collection of bacteria responded to the 2 6 9 DWH spill, many of which possessed hydrocarbonoclastic potential. A 2 7 0 large degree of apparent functional redundancy among HCD strategies suggests that the 2 7 1
Gulf of Mexico harbors functionally robust communities that are well poised to take 2 7 2 advantage of petroleum hydrocarbon influxes. We observed a strong environmental 2 7 3 selection preference for genetically similar organisms, implying that the preservation or 2 7 4 sharing of opportunistic hydrocarbonoclastic (and S-oxidizing) traits was important 2 7 5 among these DWH organisms. Due to the substrate promiscuity of many hydrocarbon-2 7 6 degrading enzymes 34, 41, 44, 48 , it is unclear whether actively transcribed genes resulted in 2 7 7 competition for the same substrates or niche differentiation. Nevertheless, our results 2 7 8
show that several closely related hydrocarbon-degrading genes were concomitantly 2 7 9 expressed, and that individual bacterial populations appeared to occupy more than one 2 8 0 niche by co-utilizing functionally distinct hydrocarbon-degrading genes. (https://github.com/najoshi/sickle).
9 7
RNA was extracted in duplicate from cores using 0.5 g of sediment for each replicate.
9 8
A modified hexadecyltrimethylammonium bromide (CTAB) extraction buffer was used 2 9 9
as previously described 51 al. 22 . The differential coverage of contigs was determined by mapping reads to co- The average number of unique designations is 13 ± 2 (1 standard deviation) for near-well 6 6 0 sites, twice that for distal sites (7 ± 3). (c) Neighbor-joining tree depicting phylogenetic 6 6 1 16S rRNA gene diversity among the Gammaproteobacteria for near-well (red) and distal 6 6 2 samples (blue), compared with reference sequences (black). Genus (italics) and order 6 6 3 (bold) names are given for reference sequence clusters. Gammaproteobacterial richness at 6 6 4 near-well sites was 317 (15,000x total 16S rRNA gene coverage), and the richness at 6 6 5 distal sites was 152 (6,000x total 16S rRNA gene coverage). Figure 1 . Average genome bin coverage and count (for bins with >1 coverage) in the co-assembly, and for the same collection of genome bins at each individual site; both decrease noticeably with increasing distance from the wellhead, although some of the genomes were still detectable 60 km away. Distance along the x-axis is not shown to scale. (B) The difference between proximal and distal sites. Read clockwise: higher rRNA gene and rRNA in proximal locations (++); higher rRNA gene but lower rRNA proximally (+-); lower rRNA gene and rRNA proximally (--); and lower rRNA gene but higher rRNA proximally (-+). (A-B) OTU numbers are given besides taxa points. Insets show the highly abundant OTU 1. Based on abundance and phylogenetic affiliation, OTU 1 corresponds to the Ca. Cellvibrionales GSC11-15 genomes (93% identity to P. hydrocarbonoclasticus). It also shares 100% identity (ID) with an iTag sequence (>97% similar to Greengenes OTU 248394) from a highly abundant uncultured gammaproteobacterium previously identified in the contaminated near-well sediments 10 . Thiotrichaceae OTU 5 corresponds to Ca. Thiotrichaceae GSC1 (99% ID to Ca. Halobeggiatoa sp. HMW-S2528); Cycloclasticus OTUs 18 and 28 respectively correspond to Ca. Cycloclasticus GSC8 and GSC9-10 (respectively 98% and 95% ID to Cycloclasticus zancles 78-ME); Colwellia OTU 4 corresponds to Ca. Colwellia GSC4 and GSC9 (99% ID to Colwellia psychrerythraea 34H), and Colwellia OTU 16 corresponds to Ca. Colwellia GSC5-6 (97% ID to Colwellia sp. MT41).
